We report on a quick, simple, and cost-effective solution-phase approach to prepare centimeter-sized morphology-graded vertically aligned Si nanowire arrays. Gradients in the nanowire diameter and shape are encoded through the macroscale substrate via a "dip-etching" approach, where the substrate is removed from a KOH etching solution at a constant rate, while morphological control at the nanowire level is achieved via sequential metalassisted chemical etching and KOH etching steps. This combined approach provides control over light absorption and reflection within the nanowire arrays at both the macroscale and nanoscale, as shown by UV−vis spectroscopy and numerical three-dimensional finite-difference time-domain simulations. Macroscale morphology gradients yield arrays with gradually changing optical properties. Nanoscale morphology control is demonstrated by synthesizing arrays of bisegmented nanowires, where the nanowires are composed of two distinct segments with independently controlled lengths and diameters. Such nanowires are important to tailor light−matter interactions in functional devices, especially by maximizing light absorption at specific wavelengths and locations within the nanowires.
■ INTRODUCTION
Silicon is an earth-abundant, nontoxic element and has a band gap nearly matching the solar spectrum, which makes it a crucial component for micro-and optoelectronic devices. Nanostructuring silicon into arrays of vertically aligned silicon nanowires (VA-SiNWs) adds significant versatility to this key element: changes in the nanowire length, diameter, and spacing can be used to modulate many of the VA-SiNW properties, such as light absorption and scattering, 1−6 surface electric field enhancement, 7 electron−hole recombination, 8, 9 quantum confinement, 10, 11 hydrophobicity, 12 mechanical response, 13 biocompatibility, 14−16 or electrocatalyst loading. 17, 18 The rich interaction of VA-SiNWs with light, 1−6 which encompasses light trapping, Mie resonances, and waveguiding and diffractive effects, is especially attractive for optical applications such as solar conversion, sensing, or photocatalysis. 3,15−28 In particular, light absorption can be controlled by adjusting nanowire cross-sectional morphology and diameter, [1] [2] [3] 22, 23, 29 while reflection can be suppressed using nanostructured "black" silicon, which is critical to improve single-crystalline silicon solar cell conversion efficiency. 30 To date, difficulties in the preparation of VA-SiNW arrays have impeded their widespread use.
Single-crystalline VA-SiNW arrays can be synthesized in the gas phase either via vapor−liquid−solid (VLS) synthesis 31 or reactive ion etching (RIE) 3 and in solution via metal-assisted chemical etching (MACE). 32−35 MACE offers the advantage of being cost-effective, simple, large scale, and widely available to researchers without access to the clean room facilities required for RIE. While VLS synthesis generates impurities that can alter the nanowire electronic properties due to the use of a metal catalyst, 36 nanowires produced via MACE have the pristine composition and crystalline orientation of the parent silicon wafer. 32 The wire spacing and diameter can be routinely controlled in the >400 nm range using standard photolithographic masks. To access dimensions in the sub-400 nm range, electron-beam lithography is required, which is slow and requires specialized equipment. Colloidal lithography is a great alternative to prepare nanostructured masks with dimensions down to approximately 100 nm. 34, 37, 38 Its combination with MACE yields a simple chemistry-based approach to produce centimeter-scale VA-SiNW arrays with well-defined nanowire lengths, diameters, and spacings. 34, 38 The independent control over nanowire shape, dimension, and composition, while maintaining simple, fast, and large-scale fabrication capabilities, is a major challenge in nanowire synthesis. Exotic structures, such as nanowires with a periodically modulated diameter or with a cone shape, can be prepared with specific RIE processes. 3, 22, 23 VLS syntheses can be modified to produce nanowires with spatially controlled dopant concentrations (gold impurity or acceptor/donor atoms) along the nanowire length, which, in combination with selective etching, provides an elegant way to control the nanowire diameter in the axial direction. 13, 39 Control over the catalyst droplet size under specific conditions has also been demonstrated to tune the nanowire diameter via VLS synthesis. 40 Using MACE, it is possible to synthesize nanowires with cylindrical or hexagonal cross section, 34 as well as nanowires with a zigzag morphology along the wire axis. 41 Even more complex architectures can be synthesized using the three-dimensional electrochemical axial lithography (3DEAL), where a porous membrane is formed around the VA-SiNWs to add metal shells at specific locations via electrochemical deposition and selective etching. 42 These previous studies have shown that morphologically engineered VA-SiNW arrays have enhanced properties, useful for nanowire solar cells, 3, 43 photonics, 44 and surface-enhanced Raman spectroscopy (SERS). 42, 45, 46 Despite these demonstrations, a simple strategy to create tailored morphologies is still missing.
In addition to engineer structure geometry at the singlenanowire level, controlling dimension and shape gradients at the macroscale can provide substrates with continuously changing properties, ideal to fundamentally investigate geometry−function relationships and optimize array geometries for a specific application. VA-SiNW arrays with spacing gradients were recently synthesized using microgel-based colloidal lithography, leading to substrates with a progressive change in reflectance across the UV−vis range. 33 However, a similar concept allowing precise and progressive changes in nanowire morphology across the substrate does not exist to this date. Such substrates would be especially relevant for systems that rely on the tunable optical properties of VA-SiNW arrays, such as color filters, 1,6,27 ultrathin solar cells, 3, 19, 21 photodetectors, 28 photocatalytic systems, 17,20,24−26 intracellular probes, 15, 16 or SERS substrates. 42, 45, 46 ■ RESULTS AND DISCUSSION In this paper, we report on a quick, simple, cost-effective, and solution-phase synthesis combining MACE and wet chemical KOH etching to structure individual nanowires and create defined gradients throughout centimeter-sized substrates ( Figure 1 ). Hexagonal gold nanohole arrays prepared via colloidal lithography ( Figure 1a ) yield VA-SiNW arrays after MACE (Figure 1b−d) . KOH is a well-known silicon etchant, routinely used in microfabrication, which offers a simple route to reduce the diameter of silicon nanowires (Figure 1b ). 47 Gradients in the nanowire diameter and shape are encoded through the macroscale substrate via "dip-etching", where the substrate is removed from the etching solution at a constant rate ( Figure 1c ), and at the nanowire level via sequential MACE and KOH etching steps ( Figure 1d ). These approaches provide control over light absorption within the VA-SiNW arrays at both the macroscale and nanoscale, as shown by UV− vis spectroscopy and numerical three-dimensional electromagnetic simulations based on the finite-difference timedomain (FDTD) method.
Diameter-Controlled SiNW Arrays. Diameter-controlled SiNW arrays are fabricated as illustrated in Figure 1a Table S1 ). Because KOH etches SiO 2 slower than Si, a small variation in the native SiO 2 thickness after MACE can lead to discrepancy in the Si etch rate. Thus, we recommend to perform KOH etching immediately after an HF pre-etch (i.e., within less than 1 min). VA-SiNWs with diameters in the sub-300 nm range were previously found to sustain leaky waveguide modes in the UV−vis range with characteristic dips in the reflectance spectrum due to increased absorption, which are responsible for their vivid colors. 1, 2, 4 The number of leaky modes and their resonance wavelength depends on the wire diameter: at diameters d < 100 nm, the HE 11 mode can be sustained, while for d > 100 nm, other modes, such as the HE 12 , emerge at lower wavelengths. 2 These modes red-shift as the diameter increases. 1, 2 This can be seen in Figure 2 , where the HE 11 mode is observed at ca. 390, 440, 525, and 585 nm for wires with diameters of 63, 77, 87, and 118 nm, respectively ( Figure 2f ). The appearance of the HE 12 mode can be seen at ca. 390 nm for d = 118 nm. The relative broadness of the reflectance dips originates from the small pitch of the arrays (∼430 nm), which allows the modes to couple due to their large radial extension, leading to a broadening of the absorption. 2 Consequently, arrays with average nanowire diameters of 63, 77, 87, and 118 nm appear gray, yellow, purple, and blue, respectively (Figure 2a−d and Figure S2 ). This confirms the strong influence of the nanowire diameter on the interaction between VA-SiNW arrays and light. 1, 2, 4 Shape and Diameter Gradients. Shape and diameter gradients were encoded within centimeter-sized substrates via dip-etching ( Figure 1c ): the VA-SiNWs were immersed in a Figure S3 ). The organic phase at the top of the aqueous etching solution limits the amount of residual KOH solution trapped within the nanowires, avoiding etching of the substrate after removal ( Figure S3 ). An HF pre-etch was used to dissolve the native SiO 2 before every dip-etching to improve etching reproducibility (details in the Supporting Information). Both top-view and tilted-view scanning electron microscopy (SEM) was performed every millimeter to analyze the gradual change in the dimension and shape of the VA-SiNWs. As seen in Figure 3c , despite the HF treatment, there is a lag before the wires start to be etched due to the growth of a thin native oxide between MACE and the dip-etching experiment. Additionally, the wires located at the beginning of the gradient, that is, almost unetched by KOH (location in Figure 3e ), have a cylindrical morphology with a slight tapering: the diameter at the top of the nanowires is ca. 10% smaller than at the bottom. Within a distance of 10 mm, the nanowire diameter gradually decreases from ca. 110 nm down to 70 nm, while the cylindrical morphology and the 1.7 micrometer length are mostly preserved (Figure 3f ). Within the next 5 mm, the nanowire quickly takes a pronounced tapered shape: the top nanowire diameter progressively reduces to ca. 20 nm, at which point the nanowire becomes a nanocone with a ca. 1.2 micrometer length (Figure 3g ,h). Photographs of the substrate and the area used for reflectance measurements can be found in Figure S2 . This shows that KOH etching proceeds via a preferential etching of the top of the wires, more exposed to the etching solution, which thus dissolves faster. In the final etching stages, corresponding to the next 10 mm, the nanocone length progressively decreases down to ca. 400 nm (Figure 3i ,j). Diffuse reflectance measurements performed every millimeter show a progressive change that expectedly follows the changes in nanowire dimensions and shapes (Figure 3k , Figure S4 , and Tables S1 and S3). The broad reflectance dip centered at around ca. 560 nm blue-shifts to ca. 475 nm as the wire diameter decreases (locations corresponding to Figure 3e−h). Tapered and conical shapes are known to produce broader resonances, 48 which, in addition to the relatively short array pitch, 2 could explain the broadness of the reflectance dip measured. Such structures are technologically interesting for their light trapping properties (Table S3 ) and have been previously used as antireflection coatings for photovoltaics. 22, 23 As the nanocone length progressively decreases, an increase in reflectance is observed: the lower amount of nanostructured silicon present leads to a lower absorption (locations corresponding to Figure 3h Figure S4 ). The experimental spectra show broader features compared to the numerical simulations, which we attribute to the distribution in diameter, shape, and length of the nanowires sampled within the ∼7 mm 2 area used for the reflectance measurements (see Table S1 for dimensions). We demonstrate control over the gradient profile by adjusting the removal rate: at a removal rate of 200 mm/h, the nanowire diameter decreases linearly by ca. 9.5 nm/mm (Figure 3 and Figure S3 ), while at a removal rate of 4000 mm/h, the nanowire diameter changes more gradually across the sample at ca. 1.3 nm/mm ( Figure S5 ). Overall, these results show that dip-etching provides a tunable, uniform, and continuous etching of the nanostructured Si substrates, leading to concomitant changes in diameter, length, and shape. However, to date, the approach cannot be used to independently modify each of these parameters, although this might be possible in the future by optimizing the etching conditions. Asymmetric Bisegmented VA-SiNWs. Asymmetric bisegmented VA-SiNWs composed of tunable segments with different diameters and lengths were synthesized using the following etching sequence: MACE, KOH etching, and MACE (Figure 1d, Figure 4 , and Table S2 ). The first segment length is controlled by the first MACE duration, while its diameter depends on the KOH etching duration. Interestingly, the gold film present at the bottom of the VA-SiNWs after MACE does not delaminate and is very stable during KOH etching, as shown via SEM analysis ( Figure S6 ). This allows the second MACE step to proceed properly, forming a second segment with a diameter equal to the diameter of the gold nanohole array prepared from the colloidal mask. This simple approach can be used to modulate the nanowire diameter along the wire axis. It is possible to synthesize wires where the top segment aspect ratio is high enough to induce bundling via dryinginduced capillary forces, while the bottom segment remains vertical (Figure 4a , to compare with Figure 4b,c) . Thus, sequential MACE and KOH etching can be used to control nanowire aggregation in three dimensions, which provides an additional degree of freedom to engineer hierarchical system configurations. 49, 50 The effect of bundling on the array optical properties is shown on Figure 4d Figure 4b ), which have two well-defined reflectance dips at ca. 410 and 680 nm.
Since light absorption strongly depends on the nanowire diameter ( Figure 2 ), 1−4 the ability to engineer multiple diameters within an individual nanowire provides an additional opportunity to tune optical properties. Figure 4c shows an array of bisegmented VA-SiNWs with top and bottom segment diameters of d exp,top = 98 nm and d exp,bottom = 133 nm and lengths of l exp,top ≈ 1340 nm and l exp,bottom ≈ 590 nm, respectively. The reflectance spectrum of this bisegmented VA-SiNW array, shown in Figure 4e (black curve) , has a much wider dip than the one measured for the two corresponding single-diameter nanowire arrays (d exp1 = 87 nm, red curve and d exp2 = 118 nm, blue curve). Because the three VA-SiNW samples have different nanowire lengths and volumes (see Table S4 for the array dimensions), comparing the absolute values at the reflectance minima is not straightforward. The reflectance dips, however, can be compared because they only depend on the wire diameter ( Figure S7 ). In the simulated reflectance spectra of bisegmented VA-SiNW arrays with similar dimensions, we observe a broadening of the reflectance minimum ( Figure S8 ). Closely spaced oscillations are seen in the simulated spectra of the VA-SiNW arrays at wavelengths >450 nm where silicon does not absorb significantly. These oscillations are due to Fabry−Peŕot resonances: light reflection at the top and bottom of the nanowire array can lead to constructive and destructive interferences at specific wavelengths. As expected, these Fabry−Peŕot interferences depend on film thickness (i.e., nanowire length, see Figure S7 ). 4, 33, 48 They are not observed in the experimental reflectance spectra, most likely because of the array size distribution over the area probed during the UV−vis measurement. To match the experimental spectra of Figure 4e , we simulated the same arrays (i.e., the same wire pitch and wire length as the corresponding synthesized structures) with eight different wire diameters (see Table S5 for dimensions; more details in the simulation section of the Supporting Information). A weighted average based on the size distribution measured via SEM gives a better agreement with the experiments (Figure 4f ): the reflectance values and location of the dips are well reproduced. The broadening of the reflectance dip is also observed for the simulated bisegmented nanowire array. This suggests that the lack of fine features observed in the experimental reflectance spectra originates from a distribution in the VA-SiNW array geometrical parameters at the millimeter scale.
To study the beneficial effect of the bisegmented nanowires, we simulated the absorptance spectra of nanowires with different diameters but with the same volume, set by their length, to allow direct comparison of the simulated optical data (Figure 4g and Figure S9 , see Table S6 for dimensions). The simulated absorptance spectra show defined maxima at 537 and 642 nm for the reference single-diameter nanowire arrays with d sim1 = 100 nm and d sim2 = 130 nm, respectively ( Figure  4g ). As expected, the corresponding bisegmented nanowire array acts as a combination of both nanowire diameters and shows two well-defined absorptance maxima at 553 and 638 nm. Compared to the same volume of planar bulk Si, our simulations show that the single-diameter nanowires provide an overall absorption enhancement of ∼270% over wavelengths in the 375−825 nm range, while the corresponding bisegmented nanowire arrays provide an enhancement of ∼300%. At around 553 nm, the light is mostly absorbed in the top segment, while around 638 nm, the light is mostly absorbed in the bottom segment ( Figure 4h ). Thus, such nanowires could be used for improved solar conversion and photodetection systems, similar to previous experimental and theoretical reports on similar structures. 3, 43 A tailored design of bisegmented VA-SiNW arrays allows an even better spatial control of light absorption within the nanowires. Bisegmented nanowires with top and bottom diameters of 60 and 140 nm, respectively, such as the ones synthesized and shown in Figure 4b , are expected to have distinct spatial photoresponses under 418 and 736 nm excitations. At 418 nm, the top segment generates ∼10−100 times more charge carriers than the bottom segment, while at 736 nm, the bottom segment generates ∼100 times more charge carriers than the top segment ( Figure S10 ). These large spatial variations in charge carrier photogeneration rates are due to the waveguiding abilities of VA-SiNWs (which are diameter-dependent) and the increased absorption in bulk silicon at shorter wavelengths (Figure 4g , dashed black line). Such asymmetric nanowires could be used for spatioselective photoactivation, where parts of the wires are activated with a given wavelength. The deposition of metal catalysts in these specific regions (via 3DEAL for example) 42 could be especially effective at designing tandem catalytic systems 51−53 where the flux and energy of the incident photons are adjusted to control product selectivity.
■ CONCLUSIONS
To conclude, we report the use of simple wet chemical etching approaches to shape VA-SiNW arrays at both the macroscale and nanoscale over centimeter-sized substrates. The reported dip-etching technique enables engineering gradual changes in nanostructure geometry and optical properties with high precision. It is quick, simple, and applicable to a wide variety of nanostructured substrates such as metal nanoparticle arrays or other semiconductor nanowire arrays, provided that they can be chemically etched in solution. The sequential use of MACE and KOH etching provides a powerful tool to generate bisegmented nanowire arrays with an independent control of the lengths and diameters of both segments. We demonstrate that such bisegmented nanowire arrays exhibit enhanced and tunable optical properties with the ability to spatially control light absorption within a single nanowire. Since other semiconductors such as GaAs and InP can be nanostructured via MACE, we expect both approaches to enable a facile approach for the design of enhanced nanowire architectures in technologically important III−V semiconductors. 54, 55 ■ EXPERIMENTAL METHODS Silicon nanowire arrays were synthesized via colloidal lithography and metal-assisted chemical etching (MACE), as previously done by our group. 34, 42 Details can be found in the Supporting Information.
Chemical Dissolution of VA-SiNW in KOH Etching Solution. Prior to KOH etching, the sample was immersed in 20 mL of Milli-Q water and 4 mL of hydrofluoric acid to remove the native SiO 2 . The substrates were then rinsed three times with Milli-Q water and once with ethanol and immediately etched with KOH (i.e., within 30 s). The gold film present at the bottom of the VA-SiNW was not removed. The substrates were placed on a homemade 3D printed polymer sample holder and immersed in 50 mL of 20 or 0.2 wt % aqueous KOH etching solution. The solution was not prepared fresh but was replaced for each sample. The etching duration depends on the desired diameter (Figure 2e ). After etching, the substrate was immediately transferred into a beaker with 1 L of deionized water and finally dried in air. Synthesis of a Diameter Gradient on the Macroscale via Dip-Etching. Prior to dip-etching, the sample was immersed in 20 mL of Milli-Q water and 4 mL of hydrofluoric acid to remove the native SiO 2 . The substrates were then rinsed three times with Milli-Q water and once with ethanol and immediately etched with KOH (i.e., within less than 20 min). The gold film present at the bottom of the VA-SiNW was not removed. Dip-etching was performed using a 0.2 wt % aqueous KOH etching solution. N-hexane was poured on top to avoid further etching of the sample after removal from the etching solution. The sample was fixed onto a linear motion driver and pulled out of the etching solution with a constant rate of 200 mm/h ( Figure  3 and Figure S3 ) or 4000 mm/h ( Figure S4) . Afterward, the sample was rinsed with ethanol and dried in air.
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Morphological Control at the Nanowire Level with Sequential MACE and KOH Etching Steps. Diameter gradients at the nanowire level were synthesized using the following etching sequence: MACE, KOH etching, and MACE. The MACE steps were performed as described in the Supporting Information. Durations of MACE were 2 × 2.5 min or 2 × 5 min, depending on the desired VA-SiNW length. For KOH etching, a 5 or 10 wt % KOH solution was utilized for 5−30 s, depending on the desired diameter of the top segment. After each etching step (MACE and KOH), the substrates were cleaned in 20 mL of Milli-Q water and 4 mL of hydrofluoric acid. After MACE or HF, the substrates were rinsed three times with Milli-Q water and once with ethanol and finally dried in air. After KOH etching, the samples were rinsed once in Milli-Q water and dried in air.
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